?F Fermi National Accelerator Laboratory

FERMILAB-Conf-00/044-E
CDF

Experimental Study of sn2 fand sin 2 a

W. Trischuk
For the CDF Collaboration

University of Toronto
60 . George Street, Toronto, ON M5S 1A7, Canada

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, I1linois 60510

March 2000

Presented at and to Appear in the Published Proceedings of the 3rd International Conference on B
Physics and CP Violation (BCONF99), Taipei, Taiwan, December 3-7, 1999

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CHO03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.

Copyright Notification

This manuscript has been authored by Universities Research Association, Inc. under con-
tract No. DE-AC02-7T6CH03000 with the U.S. Department of Energy. The United States
Government and the publisher, by accepting the article for publication, acknowledges that
the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this manuscript, or allow others to do so, for

United States Government Purposes.



CDF/PUB/BOTTOM/PUBLIC/5227
FERMILAB-CONF-00/044-E
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E-mail: william@physics.utoronto.ca

Detailed measurements of CP violation in B meson decay are on the horizon. Here
I review the status of current measurements of sin28 made at LEP and CDF.
These yield an average of sin28 = 0.82 £ 0.39, giving 97% confidence that 3 is
greater than 0, evidence that CP violation occurs in B decay. I review predictions
for the precision we can expect on sin 24 and sin 2« in the next few years.

1 Introduction

Quark weak decay is governed by the unitary CKM matrix. One useful
parametrisation of this 3 x 3 matrix, due to Wolfenstein, is:

1—22/2 A AN (p—in)
Vorm = -\ 1-22/2 AN + 0\
AN (1 —p—in) —AN? 1

where A is the Cabbibo mixing angle in strange quark decay while A, p and
1 are three other real parameters. The unitarity of this matrix leads to one
particularly interesting relationship among the elements:

VisVia + VaVea + Vg Vua = 0. (1)

This can be visualised as a triangle in the (p,n)-plane (see Fig. 1). Constraints
on the CKM matrix elements from B°B° mixing, limits on B?B? mixing, e
from K meson decay, Vi, and Vg lead to a prediction that 8 = 0.7540.09 '.
One of the most compelling reasons to measure 3 directly is to verify whether
the CKM matrix explains CP violation in the B system.

One form of CP violation in the B system manifests itself in the decay of
B and B° mesons into a common final state. The angle 3 can be measured
from B — J/¢pK?% decays. CP violating effects arise from the interference
of direct decays to J/¢K?2 with decays that proceed via mixing (B — B9)
followed by the same decay. The measured asymmetry, Acp(t), can be related
to the CP violating angle 3 by:
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Figure 1. The unitarity triangle showing the angles «, 8 and v that will be pursued in the
next generation of searches for CP violation in the B sector.

(B J/yK2)—L (B J/yK2)
Acr(®) = FrEs Ry T B IR 2)
= sin2f sin Amgt.

There are a number of experimental complications to this clean theoretical
situation. At B factories the B mesons are produced from Y (4S) decay in a,
J=1, coherent state. A CP asymmetry can only be observed as a function of
the decay length difference between the two B mesons and the time averaged
asymmetry vanishes. At hadron colliders B mesons are produced incoherently.
Thus we can measure the asymmetry as a function of the single B meson decay
length and the time averaged asymmetry does not vanish.

In both cases we must tag the flavour of the decaying B meson Attempts
to tag the B meson are limited by the tag efficiency, €, and its dilution, D,
which is a measure of the fraction, f,, of incorrectly tagged mesons. The true
CP asymmetry is reduced by the dilution:

A% = DAcp 3)

(
where D is defined as: D = (N, — Ny, )/(Ny + Ny) = 1 = 2y, with N,.(Ny,)
the number of right (wrong) tags. We expect a precision on sin 24 of:

1 S+B 4
v\ e W
where S is the number of signal candidates and B the number of background
candidates in the sample. The product €D? acts as an effective tagging effi-
ciency accounting for the number of fully tagged events. In hadron collider
experiments this number can be expected to range from a few % up to 10%
while at B factories it ranges from 30 — 40%.

dsin 28

2 Measurements of sin 23

Several groups have isolated B — J/¢ K2 samples and made measurements of
the CP angle 8 %%, Here I describe the most precise single measurement °.
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Table 1. Summary of CDF B meson flavour tagging efficiencies and dilutions.

Tagger | Events efficiency (¢) | Dilution (D)
SST SVX 35.5+3.7% 16.6 +2.2 %
SST non-SVX | 38.14+3.9% 17.4+£3.6 %
SLT all 5.6+ 1.8% 62.5 +14.6 %
JETQ all 40.2+39 % 23.5+6.9 %

2.1 The CDF Result

From its Run I sample the CDF collaboration has selected a dataset of 400
J/YK?% B meson decays. About half of these (see Fig. 2a)) have precise
lifetime information allowing the extraction of sin 2f from an analysis of the
time-dependent asymmetry (see eqn. 2). The other half (see Fig. 2b)) lack
silicon information on one or more of the final state tracks. For these events
we measure the time averaged asymmetry and extract £, with less precision,
based on the convolution of eqn. 2 with our acceptance for B meson decay.
To extract evidence for a CP violating asymmetry we must determine the
initial flavour of the B meson. The final state, a CP eigenstate, provides no
clue as to whether a B® or B® was responsible for the decay. We employ three
methods to tag the decaying B meson’s flavour. The first involves identifying
a fragmentation pion near the J/¢ K9 that results from the primary fragmen-
tation. Its charge is related to the flavour of the B meson. We constrain the
dilution of this tag with control samples of B* mesons and find that same
side tagging (SST) yields a dilution of 17% (see table 1). We observe very
small differences in the efficiency and dilution of SST for the data samples
with/without SVX lifetime information. The other two tagging techniques
involve finding another B meson in the event where a J/¢ K% has been re-
constructed. This other B meson starts with the opposite flavour of the one
that decayed into J/¢pK%. However, either of them can mix between their
production and decay. This limits the usefulness of the “opposite-side” B
meson in flavour tagging. Once found we tag the away side B meson flavour
in two ways. If it decays semi-leptonically then the decay lepton charge tags
the flavour. This soft lepton tag (SLT) has very high dilution, exceeding
60 % (mixing limits it to a maximum of 74%) but the B meson semileptonic
branching fraction (we tag both electrons and muons) results in a small effi-
ciency. We also measure the charge of jets (JETQ) opposite the B that has
decayed to J/¢K%. We sum the charge of tracks in a jet, weighting them by
momentum and impact parameter, to obtain a measure of their parent parton
charge. We do this with relatively high efficiency and find that the optimal
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events
events

a) B® _ J/pK? b) B® _ J/pK?
100~ both muons in SVX 100 193 + 26 events
202 + 18 events SIN=0.5
SIN=0.9
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Figure 2. The CDF J/¢ K¢ data where a) both J/¢ muons have SVX information and b)
where one or both .J/1 muons lack SVX information.

pyrt B

algorithm achieves a dilution of 23%.

These tagging algorithms are applied to each decay candidate. If more
than one tag is present we compute an effective dilution. If the tags agree the
dilution is increased to reflect our increased confidence in the determination
of the B flavour. When the tags disagree we reduce the effective dilution.
Such candidates end up carrying much less weight in the final fit. Although
the dilutions are computed candidate-by-candidate and included in our final
fit for sin28 we predict the expected statistical power of our tagging tech-
niques. Each of the three taggers has an €D? of about 2% and combining
them, including correlations, we expect to have an overall €D? of (6.3+£1.7)%.
With this tagging efficiency and dilution, our 400 J/¢ K% candidates have the
statistical power of 25 perfectly tagged events.

In performing a maximum likelihood fit, we weight each candidate not
only by its predicted dilution, but also its observed decay length and mass.
Our fit is shown in Fig. 3a). Events with precise lifetime information are plot-
ted, as a function of ct, on the left. Our preferred fit is shown as a solid line.
The dotted line is the result of a fit with Amy, determined from this data. The
value of Amgy changes by one standard deviation but sin 23 extracted from the
amplitude of these curves is unchanged. The time-averaged asymmetry of the
candidates without precise ¢t information is shown on the right of Fig. 3a).
From the combination of samples we extract sin28 = 0.79704}. Since we
include variations of the fit inputs (e, D, Amy, 75, etc.) the quoted uncer-
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Figure 3. a) Asymmetry observed in J/ng decays. On the left the events with precizs%
vertex information are plotted as a function of decay time. On the right the time averaged
asymmetry for events without vertex information is shown. b) A scan of the likelihood scan
showing that sin28 = 0 is excluded with 95% CL.

tainties include both statistical and systematic effects. Our only significant
systematic is due to uncertainty on the tagging dilutions.

Figure 3b) shows a scan of our likelihood for sin 283. Several techniques
for normalising the probability near the physical bound (sin 23 cannot exceed
1) have been tried. The probability that sin 24 is actually 0, given our mea-
surement, is excluded with 93% to 96.4% depending on the method chosen ®.

2.2  Other Results

The OPAL collaboration published a first measurement of the angle 8 from
a sample of 24 J/¢ K candidates including background 2. CDF also pub-
lished an initial determination using only the SST tagging algorithm, applied
to J/1 K2 candidates with precise lifetime information 3. This has now been
superseded by the measurement described above °. Finally, the ALEPH col-
laboration has presented a preliminary measurement of 8 from 23 J/9K2
candidates in their data. These results are summarised in table 2.

I have tried combining these results in several ways to produce a “world
average” prior to the first measurements from the ete™ B factory experiments.
In the average quoted I remove the OPAL result as it is far from the physical
region. Including it yields a result of 0.91 £ 0.39 which artificially inflates the
significance by moving the average, without improving the uncertainty. The
result I quote, 0.82 £ 0.39, excludes 8 < 0 with 97.5% confidence.
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Table 2. Summary of measurements of sin 28 and Standard Model prediction.

Experiment sin 283 Reference
OPAL 3.275 5 (stat) £ 0.5(sys) 2
CDF (initial) 1.8 + 1.1(stat) + 0.3(sys) 3
CDF (update) 0.79 4 0.39(stat) & 0.16(sys) 5
ALEPH (prelim) 0.931‘8:23 (stat)fg'_gi (sys) 4

My Average 0.82 +0.39

CKM model fit 0.75 £ 0.09 !

3 The Future of CP Violation Measurements in B Decay

The measurements made so far only hint at CP violation in B meson decay.
Dedicated B factory experiments were beginning to take data as this meeting
took place. CDF and DO will resume data taking in early 2001. Later BTeV
and the LHC experiments will come online. Here I focus on the “immediate”
prospects for observing CP violation in B meson decay, summarising the
anticipated precisions from Babar and Belle as well as the Tevatron.

3.1 Outlook for sin 23

The B factory experiments have predicted precisions for several different B
decay modes. I summarise their results for decay modes that study g in
table 3. These are quoted for one year of running at the design luminosity
of their respective machines. While the J/¢ K% modes, already studied by
OPAL, CDF and ALEPH, will likely yield the highest precision other modes
will provide important cross-checks. Final states where the K9 decays into
7070 (about 1/3 of the decays), will provide a first test of the B factory
experiment’s ¥ reconstruction capabilities. Similarly, the K¢ decays are more
challenging to reconstruct and likely to have lower precision, however they
are predicted to have the opposite CP asymmetry from those K2 decays. A
measurement of sin 23 from these decays that agrees (in magnitude) with that
from the K2 decays will provide a cross-check of possible charge asymmetries
or biases. Finally modes such as D** D*~ while not likely to be statistically
competitive with the J/¢ modes but will provide a first arena to study the
effect of strong phases obscuring an underlying CP violating angle.

At the Tevatron we anticipate a 20-fold increase in luminosity during the
first two years of running. In CDF @ we expect to increase our J/¢ K sample

¢D0 will have similar detector capabilities to CDF during run II. One would expect DO to
make B physics measurements with similar precision during this run.
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Table 3. Predictions for measurements of sin 2/3.

State Babar (30 fb~T) | Belle (100 fb~T) | CDF (2 fb—1)
J/¢K%(W+7r_) 0.12 0.10 0.08

J/ YK S (m0m0) 0.30 0.20 -
J/YpK? 0.15 0.12 -
D*tD*~ 0.44 - -

by improving our silicon vertex detector acceptance by a factor of 1.5. Our
projected sin 23 precision is based on a sample of 10,000 J/¢ K candidates.
The control samples used to measure dilution will grow by similar factors.
Neglecting the expected improvements in tagging capability we anticipate a
precision of dsin23 ~ 0.08. By including a time-of-flight detector in CDF-
II we should increase our effective tagging capabilities with away-side K+
mesons. We also hope to further increase our sample size by including a
trigger for J/¢) — eTe™ decays. Predictions for similar modes from the B
factories can be found in table 3.

3.2 Outlook for sin 2«

Attempts to study CP angles other than 8 will meet significant experimental
and theoretical challenges. The next obvious CP eigenstate, B — 7t7—,
may measure sin 2a. However it suffers from the presence of non-CP violating
phases, from penguin decays. Proposals to measure these phases are reviewed
in Ref. 6.

Apart from the theoretical complication of interpreting the relative phase
of B —» 77~ and B® — 77~ there would remain the experimental problem
of isolating a clean sample of these decays and measuring their asymmetry.
First, and foremost, is the branching fraction B(B® — ntn~) = (0.43 +
0.18) x 10~ 7. For the B factories this will make the collection of a significant
sample of these decays a fairly long process. The isolation of the 777~ final
state is further complicated by the presence of the much larger branching into
B® — Kt~ in experiments without particle ID.

Even with the huge B° production rate at the Tevatron, the absence
of particle ID will hinder the separation of 7#t7~ candidates from K*n—
background. The study of B® — 7t 7~ final states at a hadron collider also
requires a trigger for B decays into two charged tracks. CDF is developing
such a trigger, using information from the silicon vertex detector within 20 us
of the collision to identify pairs of tracks each having an impact parameter
larger than 100 pym. This trigger will be at least 50% efficient for decays of
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B — h™h™ and provide the background reduction necessary to make recording
these events feasible. Using this trigger we expect ~ 5000 B® — 777~ in 2
fb=! (based on the latest branching fractions from CLEQ). From this sample,
despite a background of 20000 B® — K+~ decays, we should determine the
777~ charge asymmetry with a precision of 0.13.

Similarly pragmatic studies of the 777~ asymmetry at B factories project
uncertainties of 0.15 and 0.26 for one nominal year of running at Belle and
Babar, respectively. It remains to be seen whether penguin phases can be
sorted out to allow a clean interpretation of this asymmetry in terms of sin 2a.

4 Summary

First measurements of the CKM angle, 3, have been made in B meson decay
but we are only beginning to study the CP violating effects predicted in the
B sector by the CKM matrix. From the measurements to date it is clear
that the higher B meson production cross-section in hadron colliders can be
a significant advantage in the study of these effects. CDF’s 400 event sample
provides a more precise measurement of sin 23 than the ~ 20 event samples of
OPAL and ALEPH, despite the fact that the hadronic backgrounds are larger
and the dilutions/efficiencies are smaller. Several measurements of sin 23 with
precisions of ~0.1 can be expected before the next meeting in this series. The
tools are also in place to collect the data samples necessary for a measure-
ment of sin 2a. However, the theoretical challenges of interpreting observed
777~ asymmetries, in terms of a along with the experimental challenges of
separating the 77~ signal from K7~ (and other) backgrounds will mean
that these results will not be available until further into the decade.
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